Sister chromatid cohesion and separation are fundamental for accurate genome inheritance over cell generations. Work over recent years has established the existence of a chromosomal protein complex, cohesin, that connects sister chromatids from the time they are generated in S phase onwards, and which is destroyed at the onset of anaphase through cleavage by the protease separase. Over the last year, the function of cohesin has been investigated in higher eukaryotes, including humans, with results that have uncovered important new aspects of this process. The first structural views of cohesin have become available, and significant steps been made towards a mechanistic understanding of chromosome cohesion. Studies on separase have revealed new levels of regulation of chromosome segregation.
Introduction
The genome in each of our nucleated cells was inherited from a mother cell in the form of chromatids that had separated from their sisters during the metaphaseto-anaphase transition of a mitotic or (in the case of germ cells) meiotic division. In order to obtain the full genetic complement, cells need to ensure that each chromosome, faithfully replicated during S phase, is accurately split and distributed during mitosis or meiosis. Each cell must receive one copy, or chromatid, of each and every chromosome. If this process fails, and a cell inherits one chromatid too many or too few, the consequences for the aneuploid cell that is generated are dire. Most aneuploid human embryos are not viable, and if they are, they develop severe birth defects. Aneuploidies later in human life are often associated with the development of malignant cancer [1] .
Research over the last six or so years has established that replicated sister chromatids are kept connected to one another, from the time of their synthesis onwards, by the chromosomal protein complex known as cohesin [2] . Sister chromatid cohesion is the basis for the pairwise alignment of chromosomes on the spindle apparatus during mitosis, making possible the bi-oriented segregation of chromatids at anaphase [3, 4] . While cohesin's crucial importance in holding sister chromatids together has been well established in a number of model systems [2] , information has now become available on vertebrate cells that confirm the universal importance of cohesin for sister chromatid cohesion [5, 6] .
It would seem most sensible for cells to couple DNA replication directly to the establishment of sister chromatid cohesion, so as never to give replication products a chance to drift apart. Experimental evidence indeed suggests that there is a tight temporal coupling of DNA replication and cohesion establishment [7] , and proteins that participate in DNA replication are also involved in the establishment of cohesion [8, 9] . Despite recent progress, ideas about the molecular basis of this coupling remain vague. Among the most significant advances over the last year have been structural and biochemical studies on the cohesin complex which for the first time have given us a firm basis from which to develop models of how cohesin might act as a glue between, or around, two strands of DNA [10, 11] .
The resolution of cohesion in mitosis happens in two steps. In higher eukaryotes, a significant portion of cohesin is removed from chromosomes as they condense in prophase [12] [13] [14] . This is important, allowing much of the sister sequences along chromosome arms to separate so as to form the distinct sister chromatid axes characteristic of metaphase chromosomes. While the mechanism underlying this first step of cohesin removal is not yet understood, mitotic kinases have been shown to play a critical role [14] [15] [16] [17] . The final and irreversible loss of cohesion at anaphase onset is triggered by separase, a protease that destroys remaining cohesin by cleaving its Scc1 subunit [13, 18, 19] .
Because of the definitive and irreversible nature of Scc1 cleavage, separase activity is tightly regulated at a number of levels. The mechanism of action of the critical separase inhibitor securin has now been studied in detail [20] [21] [22] . At least in some eukaryotes, including humans, the activity of separase has been shown to be regulated by its phosphorylation status [23] . And separase not only cleaves cohesin at anaphase onset, but also cleaves itself [22, 24, 25] , promoting the downregulation of separase after anaphase. Finally, new ideas have emerged that might help explain how cohesin cleavage during meiosis is performed in a stepwise manner, first at the chromosome arms and then at the centromeres, over the two nuclear divisions.
Cohesion in Humans
Earlier genetic studies in yeast and biochemical analyses in a Xenopus cell-free system led to a largely consistent view on the role of the chromosomal cohesin complex in sister chromatid cohesion [2] . But the analysis of cohesin function in higher eukaryotic cells was still much awaited. Three studies [5, 6, 26] have now achieved this, one using a chicken cell line constructed so that its sole source of Scc1 is expressed under control of a tetracycline-repressible promoter [5] ; one using RNA interference (RNAi) in cultured Drosophila cells [26] ; and a third using a dominant-negative Scc1 fragment expressed in human cells [6] . These studies all found that Scc1, and thus cohesin, is required for sister chromatid cohesion during G2 phase and metaphase. Strikingly, in the presence of the dominant-negative Scc1 fragment, the two replicated sister chromatids lost any apparent contact with each other and were found at separate locations within G2 nuclei. This indicates that, in the absence of cohesin, there is little else that connects the sister chromatids in human cells [6] (Figure 1 ). At metaphase in these cells, the unpaired chromatids failed to align on the mitotic spindle; entry into anaphase was delayed, and when the cells eventually progressed into anaphase many chromatids failed to segregate. As a consequence, multinucleate and highly aneuploid cells were formed.
Chicken cells lacking Scc1 also showed increased levels of spontaneous chromosome breaks and were impaired in repairing radiation induced breaks [5] . This suggests that sister chromatid cohesion contributes to recombinational repair of DNA breaks, as has been shown in yeast [27] . It could also indicate that chromosomes lacking cohesin are more susceptible to breakage because of their altered mechanical properties. In addition to sister cohesion, budding yeast cohesin has been shown to participate in the longitudinal organisation of metaphase chromosomes [28] . The properties of higher eukaryote chromosomes lacking cohesin remain to be studied in depth, but initial visual inspection of metaphase chromosomes in these three cohesin-deficient cell types did not reveal any obvious defects [5, 6, 26] .
Attaching Chromosomes to the Mitotic Spindle
Unpaired sister chromatids in yeast fail to achieve bipolar attachment on the metaphase spindle [3, 4] . Similarly, unpaired chromatids in cohesin-deficient tissue culture cells fail to congress into a metaphase plate, despite the apparent formation of intact kinetochores [5, 6, 26] (Figure 1 ). Individual chromatids do in fact associate with the spindle, but their kinetochores appear to be connected to spindle microtubules from both spindle poles -what is known as 'merotelic' attachment.
This can be interpreted as a requirement of cohesin to direct kinetochores so that they attach to microtubules from just one pole. An alternative, perhaps simpler, explanation is that two connected kinetochores are required to form a bipolar configuration with the right geometry to be stabilised by spindle tension, and that kinetochores of single chromatids, even if attached to microtubules from both spindle poles, cannot reach stable attachment. Consistent with this, many unpaired chromatids are weakly, if at all, attached to microtubules. This failure of stable attachment is sensed by the Mad2-dependent checkpoint pathway, leading to Mad2 accumulation at the kinetochores [6] , and most likely causing the mitotic delay observed in cohesin-depleted cells. A Mad2-dependent delay in mitosis that correlated with the accumulation at kinetochores of Bub1, another component of the Mad2 pathway, was observed in fission yeast cells with compromised cohesion [4] .
One specific change at kinetochores, however, was noted in cohesin-depleted chicken and Drosophila cells [5, 26] , and similar observations have previously been made in fission yeast [29] . The INCENP protein, and probably its associated aurora B kinase complex, were found to be mislocalised in these cells. This indi-cates that cohesin might have a specific role in the recruitment of the aurora B complex. It might alternatively be indicative of a relationship between proper spindle-kinetochore attachment and aurora B localisation.
That the latter hypothesis may be true is suggested by observations implicating aurora B kinase in the establishment of bipolar spindle attachment [30] . In budding yeast, most chromosomes start off after replication with both sister kinetochores attached to the same spindle pole. Aurora B kinase is required to correct this monopolar attachment into the requisite bipolar attachment at metaphase [30] . This implies that aurora B dissolves non-productive kinetochore-microtubule interactions until bipolar tension is reached. Consistent with this idea, interference with aurora B kinase activity in tissue culture cells leads to chromosome alignment defects [31] [32] [33] . Once bipolar tension at kinetochores has been established, aurora B must stop dissolving attachments, and that may be reflected by a change of its localisation.
Remarkably, kinetochores that gain merotelic attachment to the spindle in the absence of cohesin are decorated by Mad2, indicating that spindle attachment itself may not be sufficient to turn off the Mad2-dependent spindle-attachment surveillance While this is an attractive hypothesis, other explanations are possible. It is hard to exclude the possibility that Eco1/Eso1 has a more general effect on chromatin structure that might be important for maintaining the close proximity of two sister chromatin fibres after DNA replication. It is noteworthy that the acetyltransferase domain of Eso1 is fused in one polypeptide to DNA polymerase η η [48], suggesting that acetyl transfer by Eso1 might also help this DNA polymerase to carry out its function of catalysing synthesis past DNA lesions. To solve this puzzle, it will be clearly critical to identify the relevant acetylation targets of Eco1/Eso1.
In budding yeast, a temperature-sensitive mutation of Eco1 could be suppressed by increased levels of the DNA polymerase processivity factor PCNA, a ring shaped 'sliding clamp' that encircles double stranded DNA [8] . Furthermore, mutation of the protein complex replication factor C (RFC), which loads PCNA onto DNA, causes cohesion defects [9] . An alternative subunit of RFC, Ctf18, can replace the largest of the five canonical RFC subunits, and has also been shown to contribute to cohesion establishment [9,53]. There is also evidence that DNA polymerase σ σ might be required for sister chromatid cohesion [54].
These observations have made fashionable a 'polymerase switch' model for cohesion establishment. According to this model, the replicative DNA polymerase δ δ is displaced from PCNA by polymerase σ σ in order to establish cohesion while replicating sequences bound by cohesin. This model is inspired by the switch to translesion polymerases, such as polymerase η η, that allow synthesis past sites of DNA damage [55] . There are, however, problems with this model. Polymerase δ δ is only replaced by a translesion polymerase if it encounters a covalent chemical adduct that prevents its progression along the unwound template strand. Should cohesin get in the way of the replication fork, like other DNA-bound proteins, it is probably displaced as the helicase at the forefront of the replication apparatus unwinds the double helix. There is no evidence so far that the replication fork is delayed by a polymerase switch as it progresses through cohesion sites, although this remains to be formally tested.
Recent data indicate that polymerase σ σ, and the family of proteins it belongs to, may be poly(A) polymerases rather than DNA polymerases [56, 57] . This suggests the cohesion defect seen in polymerase σ σ mutants might be an indirect consequence of abnormal protein expression; this would be consistent with the more pleiotropic phenotypes caused by polymerase σ σ mutations [54]. While the role of polymerase σ σ is controversial, the case for a contribution of PCNA and RFC to cohesion establishment is strong. But these enzymes may not have to alter the replication fork machinery at cohesion sites. Like PCNA-dependent chromatin assembly [58] , cohesion establishment may occur just after a replication fork has passed, using PCNA that is left behind in its wake.
The Mechanism of Cohesion
While the importance of chromatin-bound cohesin for sister chromatid cohesion is apparent, the mechanism by which this protein complex holds together two replicated DNA molecules is one of the major unanswered questions. Cohesin binding to chromatin differs from many other DNA binding proteins in that it does not show any obvious sequence specificity; it is not random, however -cohesin binds at specific chromosomal regions, but these show rather blurred boundaries [41,43,44].
Structural information on the cohesin complex will clearly be important for a mechanistic understanding of cohesion, and low-resolution images of purified human and Xenopus cohesin have now been obtained by electron microscopy: the images are immediately striking, showing a large proteinaceous ring [10] (Figure 3A) . Biochemical analysis of the cohesin complex from budding yeast has confirmed the arrangement of cohesin subunits that form this ring [11] (Figure 3B) . Most of the circumference of the ring is spanned by the long flexible 'arms' of the Smc heterodimer, held together at one end by a hinge -the Smc dimer interface. This interface provides a strong contact between the two Smc molecules, and a crystal structure of the hinge shows how the antiparallel coiled-coil 'arms' originate there [11] .
At the other end of these arms are the Smc 'heads', joined together by the non-Smc cohesin subunits, Scc1 and Scc3. This analysis has also shown that each of the two halves of Scc1, separated after cleavage by separase, binds to one of the Smc heads [11] . This is the basis for a model in which Scc1 stabilises a closed ring configuration which is broken up after Scc1 cleavage in anaphase. The diameter of the cohesin ring is approximately 40 nm, large enough to encircle two DNA molecules, even when they are packed into nucleosomes. It has therefore been suggested cohesin might simply embrace the two sister chromatids, holding them together until Scc1 is cleaved [11] (Figure 3C) .
This model also offers a solution to the problem of how cohesion is established during DNA replication. If the cohesin ring already encircles DNA before replication, the replication fork might simply slide through the ring, leaving the replication products trapped inside. This model would not, however, predict the existence of a protein such as Eco1, specialised for cohesion establishment. It would also not be compatible with a stationary replication machinery that has been suggested to pull DNA rather than slide along it. Nevertheless, the 'embrace model' of cohesion is very appealing and the rings might be assembled around sister chromatids just as they leave the replication fork.
To really know how cohesin holds together sister strands, it will be vital to visualise cohesin bound to DNA. This has not yet been achieved, but Bazett-Jones et al. [59] have come close with their observations on the chromosomal condensin complex. This complex shows a strikingly similar organisation and structure to cohesin: it also is made up of an Smc heterodimer with non-Smc subunits associated with its heads. Like cohesin, condensin is required to hold DNA together, though as it is needed for chromosome condensation it most likely promotes interactions within one strand rather than between two strands of DNA.
Electron spectroscopic imaging of DNA bound to condensin revealed how the DNA wraps around the protein twice [59] (Figure 3D ). In the in vitro reaction used to achieve this binding, compensatory supercoils were introduced into the DNA. In vivo, these supercoils might easily be released by topoisomerases, but if the two loops that wrap around condensin originate from distant enough locations on one strand of DNA, this could achieve efficient compaction. How does this relate to cohesin? Might two loops of DNA also wrap around cohesin? And might there be a way of ensuring that these two loops originate from sister strands ( Figure  3D Depletion of Polo and aurora B kinases from a Xenopus cell free extract system demonstrated the importance of the prophase pathway of cohesin removal for the generation of mitotic chromosomes. As chromosomes in this extract approached meta-phase, they condensed but the sister chromatid axes failed to resolve [16, 17] . Anaphase was not observed in these assays, but it seems unlikely the chromosomes could have progressed through a normal division. Once we know more about the mechanism of cohesin removal in prophase, it will be important to understand how cohesin at centromeres is excluded from dissociation by this pathway, so that it can provide critical cohesion in metaphase. It will be interesting to see how heterochromatin proteins present at the centromeres may be involved in making this distinction.
Cohesin Cleavage and Separase Regulation at Anaphase Onset
The final and irreversible separation of sister chromatids happens at anaphase onset when separase cleaves cohesin's Scc1 subunit [13, 18, 19] (Figure 4 ). Scc1 cleavage is essential for chromosome segregation, yet only a fraction of the total cellular Scc1 is cleaved by separase [13,38] . This fraction almost certainly corresponds to the cohesin that did not dissociate from chromosomes in prophase. How separase recognises and cleaves cohesin molecules bound to chromosomes, but not those solubilised by the prophase pathway, is not known. In human cells, less than 5% of cohesin is retained on metaphase chromosomes [13, 15] , so for separase to separate sister chromatids efficiently, it is important that the enzyme is not side-tracked by the 95% of cohesin that does not need to be cleaved. Much of the uncleaved cohesin is used again soon afterwards, when it reassociates with decondensing chromosomes in telophase [13] .
It is important that separase is tightly regulated so that sister chromatid separation does not occur prematurely, but is achieved efficiently at anaphase onset. One key regulator of separase, securin, has been shown to be involved in both aspects of separase regulation [63] [64] [65] [66] [67] . Securin has now been shown to be a bona fide protease inhibitor of separase [21, 22] . Securin inhibits separase both by preventing its access to cohesin and by blocking an intramolecular interaction that is probably critical to activate the protease [21] (Figure 5 ). While securin inhibits separase, paradoxically it is also needed to activate the enzyme. In budding yeast, securin promotes the concentration of separase molecules in the nucleus, where cohesin has to be cleaved at anaphase onset [21, 68, 69] . Securin is also needed for full separase activition in anaphase, after securin itself has been degraded; it may act as a molecular chaperone that helps the large separase polypeptide to fold correctly [21, 67] . Phosphorylation of securin by cyclin-dependent kinase in budding yeast enhances its affinity for separase [69] , but a possible contribution of securin dephosphorylation to separase activation in anaphase remains to be explored. Only one securin gene has so far been found in the mouse genome. One group has generated apparently healthy mice in which the securin gene has been deleted [74] . It should be noted, however, that in this work only two of the gene's five exons were removed, leaving sequences coding for securin's carboxyterminal region, potent in regulating separase [21] , which may still be expressed in the mutant mice Together, these results suggest that securin is a critical, but not the sole, regulator of separase. In budding yeast, phosphorylation of the cohesin subunit Scc1 by Polo was found to contribute to efficient cohesin cleavage in anaphase [75] . So cohesin cleavage might be controlled, not only at the level of separase activity, but also by changing the substrate susceptibility. But even budding yeast cells lacking both securin and Polo initiate cohesin cleavage with correct timing -although less efficiently than normal -indicating that other levels of regulation control cohesin cleavage by separase [75] . A further securin-independent mechanism of separase regulation has been discovered in vertebrates. High cyclin-Cdk activity inhibits separase in Xenopus oocyte extracts, and human separase in metaphase is inhibited by phosphorylation on a specific serine residue [23] (Figure 5 ). This phosphate has to be removed in anaphase, when cyclin-Cdk activity decreases, before separase can become active. In vertebrates at least, this mechanism might ensure that separase is regulated even in the absence of securin.
Yet another level of separase regulation has been revealed in human cells and Drosophila embryos. After its activation at anaphase onset, separase cleaves itself [13, 23, 25] (Figure 5) . The large human separase protein is thus split into two halves; these fragments stay associated with each other, and separase activity initially does not seem to be diminished by this cleavage [22, 24] . The carboxy-terminal half of the protein becomes unstable, however, and disappears during the following G1 phase [13] . As this part of separase contains the protease active site, this will lead to downregulation of separase activity.
In Drosophila, separase is composed of two smaller polypeptides, called threerows and separase [20] (Figure 5 ), which may be the result of a primordial separase gene having split on the evolutionary lineage leading to Drosophila. The threerows polypeptide is cleaved in anaphase, and its carboxy-terminal fragment is destabilised and disappears from cells. Even though this fragment does not contain the protease active site, a separase complex without it is inactive [25] ; threerows cleavage thus causes inactivation of separase.
Extra copies of uncleavable threerows in Drosophila lead to cold-sensitive female sterility, most likely due to excessive separase activity [25] . The fast syncytial division cycles of the early embryos show mitotic abnormalities, but more strikingly cellularisation of the embryo after 13 divisions is highly defective. The latter might in part be a consequence of the previous mitotic problems, but more specifically it appears that microtubule organisation during cellularisation is disturbed in these embryos. In budding yeast, separase has been shown, not only to trigger anaphase by cohesin cleavage, but also to influence microtubule dynamics by cleaving the protein Slk19 [76] . Separase activation thus appears to orchestrate multiple events during anaphase. Whether The requisite differential susceptibility to cleavage might in part be determined by the cohesin complex itself, which is known to use a number of meiosisspecific subunits in place of mitotic counterparts. In most organisms that have been investigated, the Scc1 subunit is partly replaced by its homologue Rec8 [80] [81] [82] [83] . This is essential for budding yeast cohesin to be protected from separase cleavage at centromeres in meiosis I [84] . In fission yeast, Rec8 provides the centromeric cohesion required to gain monopolar spindle attachment for the reductional first division [82] . Furthermore, Rec8 is part of the cohesin axis that forms along chromosome arms in pachytene to support formation of the synaptonemal complex [ In C. elegans, a striking correlation has been observed between loss of cohesion in the two meiotic divisions and the localisation of aurora B kinase [88] . Aurora B is found along chromosome arms in meiosis I, distal to sites of crossing over, and towards the centromeres in meiosis II, exactly where cohesion must be dissolved in each case. Aurora B is not only at the right place at the right time, its depletion by RNAi prevents the dissociation of cohesin from chromosomes, with concomitant failure of chromosome segregation at both anaphases. Conversely, depletion of PP1 phosphatases, putative antagonists of aurora B, has the opposite effect: cohesin dissociates prematurely and sister chromatids split along their entire length in the first division.
In support of a model in which aurora B determines the susceptibility of cohesin to cleavage by separase, C. elegans Rec8 is directly phosphorylated by aurora B at specific residues in vitro [88] . It will now be important to determine the effect of non-phosphorylatable Rec8 on meiotic chromosome segregation in vivo. While the contribution of aurora B to the pattern of meiotic chromosome segregation is intriguing, the underlying question remains what makes the chromosome arms in meiosis different from centromeres so that they can be differentially recognised by aurora B and subsequently by separase in the two meiotic divisions.
One molecule that may be involved in making this distinction is Spo13. This protein that has long been implicated in promoting reductional chromosome segregation in budding yeast meiosis I [89] , but its Current Biology R111 
Conclusions
It is not long since the concept was proposed for how, on a molecular level, sister chromatids are held together by the protein complex cohesin, and how the protease separase destroys cohesin to trigger chromosome segregation at anaphase onset [92] . We are now witnessing how this concept is being extended in many aspects and in many organisms. In the future, it will be particularly satisfying to obtain mechanistic insight into what is essentially a mechanical problem -the cohesion and separation of sister chromatids.
